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INTRODUCTION
Of the large number of neurotoxins that can promote
neurotransmitter release, the majority selectively target ion
channels and modulate their activity (reviewed by Molgó et
al., 1997; Van der Kloot and Molgó, 1994), thereby, indirectly
eliciting the exocytotic release of synaptic vesicles. Less
common are neurotoxins that stimulate the release apparatus
by acting upon cell surface signal-transducing receptors. One
of the most studied toxins in this category is a -latrotoxin ( a -
LTX), a 120 kDa protein from the venom of the black widow
spider Latrodectus mactans tredecimguttatus, which has been
exploited successfully to decipher important steps of the exo-
endocytotic cycle of synaptic vesicles (see review by
Ceccarelli and Hurlbut, 1980; Rosenthal and Meldolesi,
1989; Henkel and Betz, 1995). Recent identification of
synaptic targets for a -LTX has given important insights
into novel mechanisms for modulating neuroexocytosis
(Ushkaryov et al., 1992; Davletov et al., 1996; Petrenko et
al., 1996). 
Trachynilysin (TLY), a 159 kDa toxic protein isolated from
the venom of the stonefish Synanceia trachynis, elicits
regulated exocytosis via an unknown mechanism (Colasante et
al., 1996). As has been established for a -LTX (reviewed by
Rosenthal and Meldolesi, 1989), the application of nanomolar
doses of TLY to frog neuromuscular junctions induces a
dramatic increase in asynchronous acetylcholine release
(Colasante et al., 1996). The latter effect lasts several hours,
leading eventually to the selective depletion of clear synaptic
vesicles from the swollen terminals; importantly, neither a -
LTX (Matteoli et al., 1988) nor TLY (Colasante et al., 1996)
diminishes the population of large dense core vesicles (LDCV).
These data suggest that, in motor nerve terminals, a -LTX and
TLY act exclusively on the neuroexocytosis pathway for the
clear synaptic vesicles. However, recent studies have
demonstrated that a -LTX triggers the release of catecholamine
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Trachynilysin, a 159 kDa dimeric protein purified from
stonefish (Synanceia trachynis) venom, dramatically
increases spontaneous quantal transmitter release at the
frog neuromuscular junction, depleting small clear
synaptic vesicles, whilst not affecting large dense core
vesicles. The basis of this insensitivity of large dense core
vesicles exocytosis was examined using a fluorimetric assay
to determine whether the toxin could elicit catecholamine
release from bovine chromaffin cells. Unlike the case of the
motor nerve endings, nanomolar concentrations of
trachynilysin evoked sustained Soluble N-ethylmaleimide-
sensitive fusion protein Attachment Protein REceptor-
dependent exocytosis of large dense core vesicles, but only
in the presence of extracellular Ca2+. However, this
response to trachynilysin does not rely on Ca2+ influx
through voltage-activated Ca2+ channels because the
secretion was only slightly affected by blockers of L, N and
P/Q types. Instead, trachynilysin elicited a localized
increase in intracellular fluorescence monitored with fluo-
3/AM, that precisely co-localized with the increase of
fluorescence resulting from caffeine-induced release of
Ca2+ from intracellular stores. Moreover, depletion of the
latter stores inhibited trachynilysin-induced exocytosis.
Thus, the observed requirement of external Ca2+ for
stimulation of large dense core vesicles exocytosis from
chromaffin cells implicates plasma membrane channels
that signal efflux of Ca2+ from intracellular stores. This
study also suggests that the bases of exocytosis of large
dense core vesicles from motor nerve terminals and
neuroendocrine cells are distinct.
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from LDCVs of adrenal chromaffin cells (Barnett et al., 1996;
Bittner et al., 1998) as well as the contents of LDCVs in
pancreatic b -cells (Lang et al., 1998) and sympathetic
noradrenergic neurons (reviewed by Depotter et al., 1997). 
In view of these observations, it was pertinent to determine
whether TLY can also stimulate secretion from neuroendocrine
cells. Herein, it is shown that TLY does indeed elicit SNARE-
dependent exocytotic release of catecholamines from
chromaffin cells, but by a mechanism that apparently does
not depend on voltage-activated Ca2+-channels. However,
measurement of the influence of TLY on intracellular
fluorescence levels in fluo-3/AM-loaded chromaffin cells
revealed that it induces secretion by causing a spatially-
restricted elevation of the fluorescence that co-localizes with
the one produced by the activation of caffeine-sensitive Ca2+
stores. 
MATERIALS AND METHODS
Materials
Tissue culture reagents were purchased from Gibco BRL (Paisley,
Scotland), fluo3/AM from Molecular Probes Europe Bv (Leiden, The
Netherlands); D600, w -conotoxins (GVIA and MVIIC), caffeine from
Sigma Chemical Co. (Dorset, UK), and purified ryanodine from
Calbiochem (Nottingham, UK). Botulinum neurotoxin (BoNT) types
A, B and C were purified as described previously (Shone and Tranter,
1995), and stock solutions were stored in 150 mM NaCl, 10 mM
HEPES buffer (pH 7.4) at - 20°C. TLY was purified from the venom
of the stonefish (S. trachynis) by sequential anion-exchange, fast
protein-liquid chromatography (FPLC) and size-exclusion FPLC
(Colasante et al., 1996), and was stored at - 60°C at a concentration
of approximately 2 mg protein/ml. 
Culture of bovine adrenochromaffin cells and their
intoxication with BoNT/A, /B or /C
Chromaffin cells were prepared from bovine adrenal glands and
maintained as primary cultures (Lawrence et al., 1994). Within 2-3
days the cells were incubated in the absence and the presence of
BoNT/A, /B or /C (66 nM) in a low ionic strength buffer (37 ° C, 24
hours), to facilitate uptake of the neurotoxins as described previously
(Marxen et al., 1991). The cells were then returned to their original
medium to recuperate for 24 hours before further experimental
manipulation.
Stimulation and quantitation of catecholamine secretion
Chromaffin cells were washed briefly once with buffer A (145 mM
NaCl, 5 mM KCl, 1.2 mM NaH2PO4, 10 mM glucose, 20 mM
HEPES, pH 7.4) and processed in quadruplicate as stated in the figure
legends. Aliquots (200 m l) of the medium were removed at the end of
each experiment and cells were lysed with 1% (v/v) Triton X-100.
Both set of samples were assayed fluorimetrically for catecholamine
content, and the amounts released expressed as a percentage of the
total quantity of catecholamines calculated to be present in the cells
(Lawrence et al., 1994). Plotted data are representative of experiments
carried out in quadruplicate and performed at least twice.
Electron microscopy
Control and TLY-treated chromaffin cells, grown in Petri dishes as
monolayer cultures, were fixed with 3% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.4) at room temperature before being processed
as previously described (Colasante et al., 1996) and embedded in
Spurr’s resin. Thin-sections cut from the plastic-embedded tissue
using an ultramicrotome were counterstained with uranyl acetate and
lead citrate, and examined using either a Hitachi-500 or a Phillips 201
electron microscope.
Calcium imaging
Chromaffin cells were loaded with fluo-3/AM by incubation (45
minutes, room temperature) with 5 m M fluo-3/AM and 0.02% pluronic
acid (w/v) in Krebs-Ringer solution (containing in mM: NaCl, 154;
KCl, 5; CaCl2, 2; MgCl2, 1; HEPES, 5; glucose, 11). After washing
the cells with fluo-3/AM-free solution, the coverslips were placed on
the microscope stage and imaged either with an Olympus upright
microscope equipped with an epifluorescence unit (Olympus, Japan)
and an extended ISIS CCD, cooled video camera (Photonics Science,
UK) or by confocal microscopy (see below). For the video
experiments, illumination was provided by a quartz-halogen bulb (12
V/100 W) and fluorescence recorded through a Plan · 40 (0.7 NA)
long-working-distance, water-immersion lens (Olympus, Japan),
using an interference set of filters (excitation: 485 nm; emission: 535
nm) and a dichroic mirror (505 nm). Digitizing and analysis of
fluorescence images were performed with a personal computer, using
a DT3155 frame grabber and Imaging Workbench 2.1 software (Axon
Instruments, Dipsi, France). Images from each experiment were
processed identically before quantitation by outlining the chromaffin
cells and determining its mean fluorescence before (Fo) and during
TLY treatment (F). The index of the fluorescence variation D F/Fo was
then calculated as (F-Fo)/Fo. For the confocal imaging, a Sarastro
2000 confocal laser scanning microscope (Molecular Dynamics, CA,
USA) composed of an upright Nikon optiphot-2 microscope equipped
with a single argon laser beam was used. The aperture setting of the
confocal pinhole was 100 m m. Cells were visualized using a · 40 water
immersion objective (Zeiss, 0.75 numerical aperture). The 488 nm
band of the argon ion laser was used for excitation and the emitted
light was collected through a 510 nm longpass. All experiments were
performed at room temperature, and time images of cell sections were
acquired with a frame interval of 5 seconds. A Silicon Graphics
Personal Iris 4D/35G UNIX controlled the scanner module, and image
analysis was done with ImageSpace 3.1 software from Molecular
Dynamics. Sections were collected using a standard scanning mode
format of 512 · 512 pixels. The fluo-3/AM loaded cells are presented
using a pseudocolor scale. 
Statistical analysis
Statistical analysis of data was performed using the Student’s t-test
(two tailed). Values are expressed as means – s.e.m. Data were
considered significant at P<0.05.
RESULTS
TLY evokes Ca2+-dependent catecholamine release
from chromaffin cells
Exposure of monolayer cultures of bovine chromaffin cells to
TLY in the presence of external Ca2+ (2 mM) induced the
release of catecholamines, as revealed using a fluorimetric
assay (Fig. 1A,B). Maximal secretion was observed after 20-
30 minutes exposure to 60 nM TLY only in a Ca2+-containing
medium (Fig. 1A). As shown in Fig. 1B, TLY gave a dose-
dependent increase in catecholamine release reaching a plateau
at 60 nM toxin with a 20 minutes incubation. These optimal
conditions were employed for the following experiments. To
ascertain if TLY needs Ca2+ as a co-factor to aid binding to an
extracellular acceptor, chromaffin cells were pre-treated with
TLY in the absence of Ca2+ and then extensively washed before
adding Ca2+. This resulted in a potent stimulation of secretion
(Fig. 1C) comparable to that shown in Fig. 1A, indicating that
TLY can bind to the cells independently of Ca2+ but this cation
is required for maximal TLY-elicited catecholamine release.
Examination of the Ca2+ concentration-dependency of TLY-
induced release of catecholamine showed that the maximal
F. A. Meunier and others
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effect was obtained using an external Ca2+ concentration of 1-
5 mM (Fig. 1B insert). Notably, a strong inhibition of TLY
release was detected at 10 mM extracellular Ca2+; this agrees
with previous observations that high Ca2+ concentrations lower
catecholamine release from chromaffin cells (Knight et al.,
1989; Bittner and Holz, 1992).
As extracellular Ca2+ appears to be a prerequisite for prompt
stimulation of catecholamine release induced by TLY, it was
of interest to study the possible involvement of voltage-
activated Ca2+-channels. In view of L, N and P/Q type Ca2+-
channels having been reported in chromaffin cells (Artalejo et
al., 1994), the cells were pretreated for 15 minutes incubation
with a mixture of D600 (100 m M) which specifically inhibits
L-type and w -conotoxin GVIA plus w -conotoxin MVIIC
(5 m M), which block N and N, P, Q-type Ca2+-channels,
respectively (Artalejo et al., 1994; Lopez et al., 1994; Albillos
et al., 1996). The effectiveness of these inhibitors was revealed
by their virtual abolition of K+-depolarization or Ba2+-evoked
exocytosis (Fig. 1D). Nevertheless, this treatment had only a
minimal effect (5-10% inhibition) on the stimulation by TLY
of exocytosis from chromaffin cells (Fig. 1D), indicating
that depolarization and consequential activation of voltage-
activated Ca2+ channels play a minor role in the toxin’s action.
Such a lack of involvement of Ca2+ influx mediated via
voltage-activated Ca2+-channels raised the possibility that the
stimulation of exocytosis is caused by activation of another
type of channel or by formation of channels by TLY itself.
Preliminary data indicates that TLY is indeed a pore-forming
protein, as shown on differentiated neuroblastoma cells
(Ouanounou et al., 1999) and planar lipid bilayer membrane
(C. Mattei, C. Pompa and M. Thieffry, unpublished
observations). The observation that the non specific Ca2+
channel blockers La3+ (Pruss and Stauderman, 1988) and Ni2+
(Fonteriz et al., 1992), respectively, abolished the toxin’s
stimulatory effect on secretion (Fig. 1D) and can prevent or
reverse TLY-induced channel activity in neuroblastoma cells
and planar lipid bilayer suggests that these pores are at least
permeable to Ca2+. 
TLY induces SNARE-dependent exocytosis of
LDCVs
Intact chromaffin cells can be intoxicated in vivo by various
clostridial neurotoxins, using a low ionic strength medium
which facilitates toxin internalization (Lawrence et al., 1994,
1996; Foran et al., 1996). Poisoning of these cells with
BoNT/A, /B or /C results in the cleavage of SNAP-25 alone,
synaptobrevin or both SNAP-25 and syntaxin, respectively.
SNAP-25 and syntaxin, both associated predominantly with
the plasma membrane, are implicated in the docking of large
dense core granules by forming a ternary complex with the
vesicular protein synaptobrevin (Rothman, 1995; see review by
Morgan and Burgoyne, 1997). Therefore, it was pertinent to
investigate whether this exocytotic machinery was required for
TLY-induced catecholamine release. For this purpose,
chromaffin cells were treated with BoNT/A, /B or /C before
exposure to TLY. In the presence of external Ca2+ (2 mM),
TLY-evoked secretion of catecholamines was drastically
inhibited by each of the BoNT serotypes (Fig. 1E).
Nevertheless, it is clear that, in the presence of Ca2+, TLY
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Fig. 1. TLY triggers Ca2+- and SNARE-dependent catecholamine
release. (A) Primary cultures of adrenal chromaffin cells bathed in
buffer A in the presence (filled circles) or the absence (empty circles)
of 2 mM Ca2+ were exposed for the indicated periods to 60 nM TLY
before removal of an aliquot and assay of its catecholamine content
by fluorometry. Amounts of catecholamine released (– s.e.m., n=4)
are plotted as a % of the total content of the cells. (B) Chromaffin
cells were incubated for 20 minutes with various concentrations of
TLY (filled triangles) or 60 nM TLY in buffer A containing the
indicated [Ca2+] (filled square) before measuring secreted
catecholamines. (C) Cells were incubated in buffer A (Ca2+-free)
with or without TLY (60 nM) for 15 minutes (1st phase), then
extensively washed before exposure to fresh buffer A plus or minus
Ca2+ (2 mM) and/or TLY for 20 minutes (2nd phase), as illustrated.
Catecholamine release during the latter 20 minutes is plotted.
(D) The secretion from cells which had been exposed for 20 minutes
to Ba2+ (2 mM), TLY (60 nM) or K+ (55 mM, Na+ reduced to 95
mM) in the presence (patterned bars) or the absence (black bars) of
Ca2+ channel blockers (mixture of D600 [100 m M], m -conotoxin
GVIA and MVIIC, [5 m M] diagonally striped bars) or La3+ (500 m M,
cross-hatched bars). (E) Intact chromaffin cells which had been
poisoned by prolonged exposure to BoNT/A, /B or /C (see Materials
and Methods), and control cells treated with vehicle only, were
exposed for 20 minutes to TLY (60 nM) in the presence Ca2+ (2 mM)
before measuring the extent of catecholamine release.
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triggers the classical exocytotic process, possibly by increasing
the intracellular Ca2+ level as described in the next section.
Ultrastructural experiments were performed to visualize
exocytotic events in TLY-treated chromaffin cells. Toxin-
treated cells exhibited a significant reduction in the number of
LDCVs per section of chromaffin cell (Table 1). Notably,
LDCVs at various stages of exocytosis were observed after 20
minutes exposure: initial ‘docked’ vesicles (Fig. 2A), classical
omega (W ) figures (Fig. 2B) indicative of fusion, exocytotically
expelled dense core material (Fig. 2C), and coated pit
formation (Fig. 2D) associated with endocytotic retrieval of the
LDCV membrane. Interestingly, no coated vesicles were
detected in the 105 profiles examined. 
TLY triggers Ca2+ influx into chromaffin cells
The requirement of external Ca2+ together with the inhibition
by La3+ strongly suggests that TLY-induced Ca2+ influx into
chromaffin cells underlies the toxin’s stimulation of exocytosis.
Thus, Ca2+ was monitored, using a CCD video camera, in
chromaffin cells pre-loaded with the cell permeant Ca2+-
indicator fluo-3/AM. In the presence of 2 mM external Ca2+,
exposure of fluo-3/AM-preloaded chromaffin cells to TLY (60
nM) resulted in a transient increase in intracellular fluorescence
F. A. Meunier and others
Table 1. Average number of LDCVs per chromaffin cell
section before and after exposure to TLY (60 nM)
Exposure time 0 5 10 20
(minutes)
Number of LDCV 268.9 – 13.1 223.3* – 17.5 184.3* – 13.6 146.8**– 12.6
n=40 n=35 n=40 n=40
The values are expressed as means ( – s.d.) and are significantly different
from the control at *P<0.05 or **P<0.001. n represents the number of
electron micrographs examined.
Fig. 2. TLY triggers LDCV exocytosis
in chromaffin cells. Electron
micrographs show various steps of
exocytosis abundant in TLY-treated
(60 nM, 20 minutes) but not in toxin-
free preparations. Individual panels
show docking (A), omega profile
(arrowheads) characteristic of LDCV
fusion (B) and expelled dense core
material outside the chromaffin cell (C).
(D) Two coated pits (arrows) which
form at an early stage of endocytosis.
Fig. 3. TLY produced a localised
increase in Ca2+ fluorescence signal.
(A) Series of confocal images, acquired
at 5 second intervals, of a fluo-3-labelled
chromaffin cell treated with TLY (60
nM). (B) The kinetics of the changes in
fluorescence triggered by TLY were
monitored by measuring fluorescence
intensity with a CCD video-camera; the
experiments were performed both in
the presence of Ca2+ (2 mM) and in the
absence of Ca2+ (2 mM EGTA).
(C) Fluorescence intensity was
measured in fluo-3 loaded chromaffin
cells bathed in buffers containing
incremental concentrations of Ca2+ and
exposed to TLY (60 nM). The values
obtained from three independently
conducted experiments were plotted as a
ratio over the signal obtained in the
absence of TLY; n represents the total
number of cells examined.
(D) Quantitation of the intracellular
Ca2+ variations evoked by TLY in
chromaffin cells bathed with buffer
containing either 2 mM Ca2+, with 500
m M La3+ or 20 m M Ni2+ which are
nonspecific Ca2+ channel blockers or in
the absence of Ca2+ (2 mM EGTA).
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intensity (Fig. 3A,B). In all cases (n=18), the fluorescence
intensity substantially increased (71.4±8.5%) with a rise-time
of 15-30 seconds, but only after a consistently observed delay
of about 2 minutes. The half-decay time was about 2 minutes,
followed by an extended recovery (5-10 minutes) during which
the Ca2+ fluorescence was notably higher than the resting level
(Fig. 3B). Importantly, in Ca2+-free medium supplemented with
2 mM EGTA, TLY exposure did not produce any change in
intracellular Ca2+ fluorescence (n=11; Fig. 3B,D). It should be
noted that La3+ and Ni2+, nonspecific calcium channel blockers
(Pruss and Stauderman, 1988, Fonteriz et al., 1992), potently
inhibited TLY-evoked Ca2+ signals (Fig. 3D). TLY-induced
intracellular changes in fluo-3 fluorescence, measured in the
presence of incremental amounts of external Ca2+ revealed that
only when the Ca2+ exceeded 100 m M were significant rises in
Ca2+ fluorescence observed (Fig. 3C). Maximal changes were
achieved with 1 mM external Ca2+ (in good agreement with the
amount required for exocytosis); no further increase was
observed at 10 mM (Fig. 3C), the concentration found to inhibit
TLY-induced secretion of catecholamine (Fig. 1B, insert).
These data, taken together with those of the release
experiments, demonstrate that TLY triggers a large transient
Ca2+ increase followed by a sustained intracellular Ca2+ level
for at least 10 minutes, which are dependent on extracellular
Ca2+ and potentially capable of eliciting catecholamine release
by exocytosis. 
In order to obtain high-resolution of the time-course of
intracellular Ca2+ fluorescence variations triggered by TLY,
confocal scanning microscopy was used. Fluo-3-loaded
chromaffin cells exposed to TLY showed a transient increase
in fluorescence throughout the overall cytoplasm but exhibited
a higher intensity in a localized region of the cell (Fig. 3A).
This Ca2+-increase was confined to a restricted area of the
chromaffin cell and faded without spreading (Fig. 3A), with
the same time-course as observed previously (Fig. 3B). 
The stimulatory effect of TLY on exocytosis is
influenced by internal Ca2+ stores
In chromaffin cells, a localized rise in the cytosolic
concentration of free Ca2+ signal is typically obtained when
internal stores are mobilized (Burgoyne, 1991). Thus, the
continuous monitoring of variations in the fluorescence of the
Ca2+ signal was performed using confocal microscopy of a
single identified fluo-3-loaded chromaffin cell treated
sequentially with caffeine and TLY. Notably, the caffeine-
induced restricted signal (situated in the middle of the cell in
this confocal optical section), precisely co-localized with the
one observed following subsequent application of TLY (Fig.
4A; n=10). It is worth noting that the intensity of the 5 mM
caffeine-induced signal was much lower than that of TLY (Fig.
4A). To test whether TLY could induce Ca2+ release from
caffeine-sensitive intracellular stores, the intensity of the
fluorescence Ca2+ signal evoked by incremental amounts of
caffeine was compared to that elicited by a subsequent
application of TLY (60 nM) to identified fluo-3-loaded
chromaffin cells, using confocal microscopy (Fig. 4B). The
intensity of caffeine-induced Ca2+ signal increased dose-
dependently, but the fluorescence intensity triggered by 60 nM
toxin (applied 10 minutes after caffeine) exposure was
progressively reduced as the caffeine concentration was raised
(Fig. 4B). This raises the possibility that the toxin activates
Ca2+ release from internal stores by stimulating the production
of a second messenger. Indeed, pre-exposure of chromaffin
cells to various concentrations of caffeine also resulted in a
dose-dependent inhibition of the catecholamine release
induced upon subsequent exposure to TLY (Fig. 4C). In a
parallel experiment, it was observed that caffeine alone was
unable to elicit significant catecholamine release, as has
previously been reported (Burgoyne, 1991, and data not
shown). Moreover, depletion of intracellular Ca2+ stores by
thapsigargin (which inhibits Ca2+-ATPase-mediated uptake of
Ca2+ into the stores), or blockade of the ryanodine receptors
(by 50 or 100 m M ryanodine) reduced TLY-induced
catecholamine secretion (Fig. 4D), furthering the implication
that the internal stores are necessary for the maximal effect of
TLY.
DISCUSSION
It has been demonstrated herein, for the first time, that TLY
is a potent secretagogue for neuroendocrine cells. The elicited
catecholamine release resulted from the exocytotic fusion of
LDCVs, as shown by electron microscopy and by its
sensitivity to cleavage of SNAREs by BoNT/A, /B and /C.
The presence of external Ca2+ is essential for TLY-evoked
secretion, suggesting that Ca2+ influx is required.
Importantly, selective inhibition of voltage-activated Ca2+
channels had minimal effect on TLY-induced catecholamine
release. However, La3+ and Ni2+, nonselective Ca2+ channel
blockers (Pruss and Stauderman, 1988; Fonteriz et al., 1992),
abolished this vesicular secretion. Since preliminary data
show that TLY can indeed form channels in a planar lipid
bilayer (C. Mattei, C. Pompa and M. Thieffry, unpublished
results) and in the membrane of neuroblastoma cells
(Ouanounou et al., 1999), it is suggested that TLY could
directly, or through an interaction with an unknown acceptor,
elicit a pore permeable to Ca2+ in the chromaffin cell plasma
membrane responsible for initiating Ca2+ influx.
Interestingly, Ca2+ imaging experiments showed that TLY
causes a transient increase in the fluorescent Ca2+ signal, that
was spatially restricted. Such localized Ca2+ signals are
typical of chromaffin cells’ response to agonists, like
caffeine, which mobilize Ca2+ from internal stores (see
review by Burgoyne, 1991). The observed precise co-
localization of the intracellular Ca2+ signals that were evoked
by TLY and caffeine suggested a role for the mobilization of
Ca2+ stores in cellular responses to the toxin. Although,
mobilization of such stores by caffeine itself does not
stimulate catecholamine secretion (Burgoyne, 1991), it is
possible that TLY, by stimulating Ca2+ influx across the
plasma membrane and thereby triggering Ca2+-induced Ca2+-
release (CICR) from endoplasmic reticulum (ER) stores, may
raise cytosolic Ca2+ to a level capable of supporting
exocytosis. In a recent study, endoplasmic reticulum Ca2+ has
been shown to be released both via the IP3 receptor or CICR
in chromaffin cells (Alonso et al., 1999). TLY-induced Ca2+
efflux from the caffeine-sensitive stores is shown herein to be
highly dependent on the Ca2+ content within those stores,
since it is sensitized in a dose-dependent manner by caffeine.
Therefore, TLY could induce a long-lasting Ca2+ rise
composed of a combination of Ca2+ influx and CICR from
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the Ca2+-stores, both being required for catecholamine
secretion as revealed by their respective inhibition by La3+
and caffeine (Figs 3D and 4B). In this connection, it has been
previously reported that K+-induced depolarization elicits
less secretion in chromaffin cells depleted by caffeine of their
Ca2+ stores than from untreated cells (Lara et al., 1997).
These data suggested that caffeine-sensitive Ca2+ stores could
have a double role, acting as a sink or as a source of Ca2+,
depending on their filling state. Accordingly, pre-exposure
of the cell to the combination of both ryanodine
and thapsigargin also decreased TLY-evoked release of
catecholamine. However, it cannot be ruled out that the
inhibition of TLY-induced secretion by high doses of caffeine
is due to some other effect, as recently discussed (Taylor and
Broad, 1998); the store-operated Ca2+ channels in the plasma
membrane of PC12 cells that are responsible for the refilling
of Ca2+ stores are blocked by exposure to such high doses of
caffeine (Bennett et al., 1998). Finally, we propose that TLY-
induced Ca2+ initial influx near the Ca2+ stores triggers a
Ca2+ release from the endoplasmic reticulum by a CICR
mechanism responsible for most of the catecholamine
secretion. 
In chromaffin cells, the majority of the catecholamine is
stored within the LDCV-like granules (Burgoyne et al., 1994).
It is notable that a -LTX only induces the exocytosis of
catecholamine from chromaffin cells if extracellular Ca2+ is
present (Bittner et al., 1998). Exocytotic responses to TLY or
a -LTX are also alike in that they are both sensitive to agents
which perturb intracellular Ca2+ stores (Fig. 4 and Davletov et
al., 1998). Notably, for the first time, compelling evidence is
shown for Ca2+ efflux from the caffeine-sensitive store in
response to TLY. Despite the similar effects of TLY and a -LTX
on neurons and neuroendocrine cells, the former did not
compete with the latter for binding to synaptosomal
membranes; also, chromaffin cells transiently transfected with
latrophilin did not exhibit significantly higher sensitivity to
TLY compared to control cells (data not shown). In conclusion,
our results indicate that TLY, purified from Synanceia trachynis
venom, stimulates Ca2+-dependent exocytosis of LDCV from
neuroendocrine cells, in contrast to its inability to elicit the
release of neuropeptides from motor nerve terminals. Binding
and activation of a yet to be discovered receptor for TLY seems
likely. Interaction of TLY with such a receptor would result
in Ca2+-influx, which in turn activates Ca2+-induced Ca2+
F. A. Meunier and others
Fig. 4. Co-localisation of caffeine- and TLY-induced
increase in Ca2+ signal: influence of Ca2+ stores on
TLY-evoked release of catecholamines. (A) Confocal
images were acquired every 5 seconds of a single fluo-3
loaded chromaffin cell first treated with caffeine (a-e),
then washed and exposed to 60 nM TLY (f-j). Note that
the Ca2+ transient evoked by caffeine is mainly
distributed at a restricted area of the cell and that
subsequent treatment with TLY induced a rise in Ca2+
fluorescence that precisely co-localized with the latter.
(B) Confocal imaged fluo-3-loaded cells were treated
for 10 minutes with caffeine (1, 5, 10, 20 or 40 mM,
filled circles) and subsequently subjected to TLY
(60 nM, open circles). The ratio of the evoked peak
amplitude signal and the initial resting fluorescence
value were calculated for a fixed region. The dose-
dependent increase in signal elicited by caffeine is
associated with a decrease in the following TLY-evoked
fluorescent signal. (C) Chromaffin cells bathed in buffer
A containing 2 mM Ca2+ were pre-treated (20 minutes)
with or without the indicated concentrations of caffeine
and subsequently exposed to TLY (60 nM, 20 minutes),
before measuring the extent of catecholamine release.
The measured release evoked by caffeine was negligible
(not shown). (D) Chromaffin cells were incubated for
20 minutes with or without ryanodine and thapsigargin,
at concentrations shown, in buffer A containing 2 mM
Ca2+, then washed before exposure to TLY (60 nM, 20
minutes) and measuring the catecholamine secretion. 
1125Stimulation of exocytosis by trachynilysin
release from caffeine-sensitive stores and, ultimately, LDCV
exocytosis. 
F.A.M. was supported by a fellowship from the European
Commission Biotechnology Program (grant B104CT965119); P.C.
and C.M. were supported, respectively, by fellowships from the
Ministère de l’Education Nationale, de la Recherche Scientifique et
de la Technologie and from D.R.E.T. This work was supported by
grant 98/1051 from D.S.P. (to J.M.). We are indebted to Cliff Shone
for providing botulinum toxin type-B and to Dr F. Darchen for
providing some of the chromaffin cells used in the present study.
REFERENCES
Albillos, A., Garcia, A. G., Olivera, B. and Gandia, L. (1996). Re-evaluation
of the P/Q Ca2+ channel components of Ba2+ currents in bovine chromaffin
cells superfused with solutions containing low and high Ba2+ concentrations.
Pflügers Arch. Eur. J. Physiol. 432, 1030-1038. 
Alonso, M. T., Barrero, M. J., Michelena, P., Carnicero, E., Cuchillo, I.,
Garcia, A. G., Garcia-Sancho, J., Montero, M. and Alvarez, J. (1999).
Ca2+-induced Ca2+ release in chromaffin cells seen from inside the ER with
targeted aequorin. J. Cell Biol. 144, 241-254. 
Artalejo, C. R., Adams, M. E. and Fox, A. P. (1994). Three types of Ca2+
channel trigger secretion with different efficacies in chromaffin cells. Nature
367, 72-76. 
Barnett, D. W., Liu, J. and Misler, S. (1996). Single-cell measurements of
quantal secretion induced by alpha-latrotoxin from rat adrenal chromaffin
cells: Dependence on extracellular Ca2+. Pflügers Arch. Eur J. Physiol. 432,
1039-1046. 
Bennett, D. L., Bootman, M. D., Berridge, M. J. and Cheek, T. R. (1998).
Ca2+ entry into PC12 cells initiated by ryanodine receptors or inositol 1,4,5-
trisphosphate receptors. Biochem. J. 329, 349-357. 
Bittner, M. A. and Holz, R. W. (1992). Kinetic analysis of secretion from
permeabilized adrenal chromaffin cells reveals distinct components. J. Biol.
Chem. 267, 16219-16225. 
Bittner, M. A., Krasnoperov, V. G., Stuenkel, E. L., Petrenko, A. G. and
Holz, R. W. (1998). A Ca2+-independent receptor for alpha-Latrotoxin,
CIRL, mediates effects on secretion via multiple mechanisms. J. Neurosci.
18, 2914-2922. 
Burgoyne, R. D. (1991). Control of exocytosis in adrenal chromaffin cells.
Biochem. Biophys. Acta 1071, 174-202. 
Burgoyne, R. D., Morgan, A. and Roth, D. (1994). Characterization of
proteins that regulate calcium-dependent exocytosis in adrenal chromaffin
cells. Ann. NY Acad. Sci. 710, 333-346. 
Ceccarelli, B. and Hurlbut, W. P. (1980). Vesicle hypothesis of the release
of quanta of acetylcholine. Physiol. Rev. 60, 396-441. 
Colasante, C., Meunier, F. A., Kreger, A. S. and Molgó, J. (1996). Selective
depletion of clear synaptic vesicles and enhanced quantal transmitter release
at frog motor nerve endings produced by trachynilysin, a protein toxin
isolated from stonefish (Synanceia trachynis) venom. Eur. J. Neurosci. 8,
2149-2156. 
Davletov, B. A., Shamotienko, O. G., Lelianova, V. G., Grishin, E. V. and
Ushkaryov, Y. A. (1996). Isolation and biochemical characterization of a
Ca2+-independent alpha-latrotoxin-binding protein. J. Biol. Chem. 271,
23239-23245. 
Davletov, B. A., Meunier, F. A., Ashton, A. C., Matsushita, H., Hirst, W.
D., Lelianova, V. G., Wilkin, G. P., Dolly, J. O. and Ushkaryov, Y. A.
(1998). Vesicle exocytosis stimulated by alpha-latrotoxin is mediated by
latrophilin and requires both external and stored Ca2+. EMBO J. 17, 3909-
3920. 
Depotter, W. P., Partoens, P. and Strecker, S. (1997). Noradrenaline storing
vesicles in sympathetic neurons and their putative role in neurotransmitter
release: An historical overview of controversial issues. Neurochem. Res. 22,
911-919. 
Fonteriz, R. I., Garcia-Sancho, J., Gandia, L., Lopez, M. G. and Garcia,
A. G. (1992). Permeation and inactivation by calcium and manganese of
bovine adrenal chromaffin cell calcium channels. Am. J. Physiol. 263, C818-
824. 
Foran, P., Lawrence, G. W., Shone, C. C., Foster, K. A. and Dolly, J. O.
(1996). Botulinum neurotoxin C1 cleaves both syntaxin and SNAP-25 in
intact and permeabilized chromaffin cells – correlation with its blockade of
catecholamine release. Biochemistry 35, 2630-2636. 
Henkel, A. W. and Betz, W. J. (1995). Monitoring of black widow spider
venom (BWSV) induced exo- and endocytosis in living frog motor nerve
terminals with FM1-43. Neuropharmacology 34, 1397-1406. 
Knight, D. E., von Grafenstein, H. and Athayde, C. M. (1989). Calcium-
dependent and calcium-independent exocytosis. Trends Neurosci. 12, 451-
458. 
Lang, J., Ushkaryov, Y., Grasso, A. and Wollheim, C. B. (1998). Ca2+-
independent insulin exocytosis induced by alpha-latrotoxin requires
latrophilin, a G protein-coupled receptor. EMBO J. 17: 648-657. 
Lara, B., Lopez, M. G., Villarroya, M., Gandia, L., Cleeman, L., Morad,
M. and Garcia, A. G. (1997). A caffeine-sensitive Ca2+ store modulates K+-
evoked secretion in chromaffin cells. Am. J. Physiol. 272, C1211-C1221. 
Lawrence, G. W., Weller, U. and Dolly, J. O. (1994). Botulinum A and the
light chain of tetanus toxins inhibit distinct stages of Mg. ATP-dependent
catecholamine exocytosis from permeabilised chromaffin cells. Eur. J.
Biochem. 222, 325-333. 
Lawrence, G. W., Foran, P. and Dolly, J. O. (1996). Distinct exocytotic
responses of intact and permeabilised chromaffin cells after cleavage of the
25-kDa synaptosomal-associated protein (SNAP-25) or synaptobrevin by
botulinum toxin A or B. Eur. J. Biochem. 236, 877-886. 
Lopez, M. G., Albillos, A., de la Fuente, M. T., Borges, R., Gandia, L.,
Carbone, E., Garcia, A. G. and Artalejo, A. R. (1994). Localized L-type
calcium channels control exocytosis in cat chromaffin cells. Pflügers Arch.
Eur J. Physiol. 427, 348-354. 
Marxen, P., Bartels, F., Ahnert-Hilger, G. and Bigalke, H. (1991). Distinct
targets for tetanus and botulinum-A neurotoxins within the signal
transducing pathway in chromaffin cells. Naunyn-Schmiedeberg’s Arch.
Pharmacol. 344, 387-395. 
Matteoli, M., Haimann, C., Torri-Tarelli, F., Polak, J. M., Ceccarelli, B.
and De Camilli, P. (1988). Differential effect of alpha-latrotoxin on
exocytosis from small synaptic vesicles and from large dense-core vesicles
containing calcitonin gene-related peptide at the frog neuromuscular
junction. Proc. Nat. Acad. Sci. USA 85, 7366-7370. 
Molgó, J., Meunier, F. A., Colasante, C. and Poulain, B. (1997). Marine
toxins affecting quantal acetylcholine release and transmission at the
vertebrate neuromuscular junction. In Advances in Organ Biology, Vol. 2
(ed. E. E. Bittar), pp. 249-284. Jai press INC. London, UK. 
Morgan, A. and Burgoyne, R. D. (1997). Common mechanisms for regulated
exocytosis in the chromaffin cell and the synapse. Semin. Cell Dev. Biol. 8,
141-149. 
Ouanounou, G., Malo, M., Kreger, A. S., Prado de Carvalho, L. and
Molgó, J. (1999). Changes in ionic permeability induced by trachylilysin in
differentiated NG108-15 neuroblastoma cells. Toxicon 37, 1234. 
Petrenko, A. G., Ullrich, B., Missler, M., Krasnoperov, V., Rosahl, T. W.
and Sudhof, T. C. (1996). Structure and evolution of neurexophilin. J.
Neurosci. 16, 4360-4369. 
Pruss, R. M. and Stauderman, K. A. (1988). Voltage-regulated calcium
channels involved in the regulation of enkephalin synthesis are blocked by
phorbol ester treatment. J. Biol. Chem. 263, 13173-13178. 
Rosenthal, L. and Meldolesi, J. (1989). Alpha-latrotoxin and related toxins.
Pharmacol. Ther. 42, 115-134. 
Rothman, J. E. (1995). Molecular mechanisms of intracellular protein-
transport. FASEB J. 9, A1458-A1458. 
Shone, C. C. and Tranter, H. S. (1995). Growth of clostridia and preparation
of their neurotoxins. Curr. Top. Microbiol. Immunol. 195, 143-160. 
Taylor, C. W. and Broad, L. M. (1998). Pharmacological analysis of
intracellular Ca2+ signaling: problems and pitfalls. Trends Pharmacol. Sci.
19, 370-375. 
Ushkaryov, Y. A., Petrenko, A. G., Geppert, M. and Südhof, T. C. (1992).
Neurexins – synaptic cell surface proteins related to the alpha-Latrotoxin
receptor and laminin. Science 257, 50-56. 
Van der Kloot, W. and Molgó, J. (1994). Quantal acetylcholine release at the
vertebrate neuromuscular junction. Physiol. Rev. 74, 899-991. 
